Abstract : Mechanisms responsible for controlling masticatory muscle activity during suckling and mastication initiate in the brain. Premotor neurons situated in the brainstem transmit masticatory motor commands to the jaw-closing and jaw-opening motoneurons, which in turn activate the masticatory muscles. The premotor neurons receive inputs from multiple sources such as the orofacial sensory organs, the cerebral cortex, and the central pattern generator in the brainstem. These neural circuits might be important for controlling jaw movement, although their properties in this regard are likely to be altered in postnatal development as the oral motor behavior of mammals shifts significantly from suckling to chewing during the early postnatal period. This timing of jaw movement development mimics that of the orofacial musculoskeletal apparatus. The current article reviews ndings on local neural circuits of trigeminal motoneurons and premotor neurons, during early development in rats. We describe findings from electrophysiological recordings, optical imaging with voltage-sensitive dyes, calcium imaging, and laser photolysis of caged glutamate. We also review research into the subtypes of premotor neurons in the supratrigeminal region SupV that differ in their electrophysiological properties and possess different morphological characteristics. We further describe how trigeminal motoneurons receive glutamatergic, glycinergic, and GABAergic inputs from the SupV and the reticular formation dorsal to the facial nucleus. Finally, we discuss how these synaptic and intrinsic membrane properties change in postnatal development. Taken together, the ndings reviewed herein suggest that these neural circuits are important in diverse oral motor behaviors, and that their postnatal changes are involved in the transition from suckling to mastication functions.
Introduction
Feeding-related motor activity such as suckling and mastication serves a vital function for the survival and development of mammals. Mechanisms responsible for controlling jaw movement during suckling and mastication exist in the brain [1] [2] [3] [4] , wherein the fundamental motor patterns for these behaviors originate in the central pattern generator CPG located in the brainstem. Here, they are modulated by sensory information on food properties and by descending inputs from the higher brain 4, 5 . These motor commands are transmitted to the trigeminal motoneurons
TMNs that innervate the masticatory muscles via premotor neurons. Such premotor neurons are distributed in various brain regions including the lateral reticular formation of the lower brainstem in the pons and medulla oblongata [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In addition, these premotor neurons also receive ascending and descending inputs from a number of regions : the orofacial structures [6] [7] [8] , the masticatory CPG 4, 9 , the cerebral cortex 10, 11 , the hypothalamus 12 , and the amygdala 13 . This neural architecture indicates that the neural circuits including premotor neurons and motoneurons are involved in controlling masticatory muscle activities via ascending and descending inputs during jaw movement. The properties of these neural circuits differ among postnatal periods 19 because feeding behavior of mammals changes substantially from suckling to chewing during development, which is accompanied by the formation of the oral and facial musculoskeletal system during the early postnatal period.
In this review, we describe findings on the location, electrophysiology, and morphological characteristics of premotor neurons that target the TMNs. We further review properties of the related neural circuits, as identi ed by studies using rat in vitro slice preparations during early postnatal development.
Location and properties of premotor neurons targeting the TMNs
Retrograde axonal tracing studies have identi ed premotor neurons projecting to the trigeminal motor nucleus MoV in the regions surrounding the MoV. These regions comprise the supratrigeminal region SupV , the intertrigeminal region IntV , the dorsal parts of the principal sensory trigeminal nucleus PrV , and the regions dorsal to the PrV dRt [20] [21] [22] . We investigated the properties of synaptic inputs from these premotor neurons to the jaw-closing and jawopening motoneurons in coronal and horizontal brainstem slices from neonatal and juvenile rats postnatal day P 1-12 [23] [24] [25] Fig. 1C . These data suggest that the SupV contains premotor neurons sending both excitatory and inhibitory inputs to the MMNs and DMNs, and that the lateral SupV supplies burst inputs speci cally to the neonatal MMNs.
The electrophysiological and morphological characteristics of SupV premotor neurons targeting the MoV were further characterized in neonatal rat brainstem slices, using whole-cell recording and calcium imaging of premotor neurons. These methods were combined with antidromical stimulation of the MoV in slices stained with calcium indicators, fura-2 AM and uo-8 AM 26 .
Approximately 10% of neurons selected among the SupV showed a clear elevation of intracellular Ca 2 concentration in response to a brief electrical stimulation of the MoV. Subsequent whole-cell recordings con rmed that the majority of these neurons could follow a 100-Hz triple shock of the MoV at constant latencies without action potential failure, even in the presence of antagonists for glutamate, GABA A , and glycine receptors. These results indicate that the premotor neurons tested project to the MoV. Neurons differ in their steady-state ring, i.e., the average ring frequency over the last half of a 1-s depolarizing current pulse from the resting membrane potential. Two ring types of antidromically activated SupV premotor neurons were identi ed based on their steady-state ring properties : neurons re at a frequency either higher HF or lower LF than 33 Hz. HF neurons have a narrower action potential and a larger after-hyperpolarization AHP amplitude than LF neurons. Morphologically, the axons of all HF neurons and half of the LF neurons project to the dorsomedial aspect of the MoV, while half of the LF neurons project to its dorsolateral aspect Fig. 2 . In addition, the dendrites of some HF neurons extend to the PrV, whereas the dendrites of all LF neurons are con ned within the SupV. These ndings suggested that the SupV premotor neurons projecting to the MoV show different electrophysiological properties and distinct dendritic and axonal morphologies, and that such heterogeneity might be involved in diverse oral motor behavior.
Recent observations in our laboratory suggested that a speci c neuronal subpopulation in the SupV expresses the transcription factor Phox2b, which plays an important role in development of the autonomic nervous system 27 . This subpopulation was identi ed in transgenic rats modi ed to express EYFP in Phox2b-positive neurons, which in the SupV clearly differ from the Phox2b-negative neurons in their electrophysiological properties. Approximately 50% of Phox2b-positive neurons project to the MoV, and it is possible that this neuronal group has a distinct role in oral motor functions such as suckling and/or mastication.
Postnatal development of synaptic transmission from premotor neurons to TMNs
In mammals, feeding behavior remarkably converts from suckling milk to chewing solid food during the early postnatal period. During this period, the activity of feeding-related muscles also changes from low to high corresponding to the properties of the feeding material 1, 2, 28 . This suggests that motor commands to these masticatory muscles change in parallel with the postnatal development of the orofacial musculoskeletal structures. Since the TMNs provide the nal motor output to jaw-closing and jaw-opening muscles 29, 30 , the common opinion in the eld is that the input-output properties of these motoneurons change in line with the alteration of motor commands 4, 19, 31 .
Previous laser photolysis of MNI-caged glutamate demonstrated that MMNs in P1-5 rats show glutamatergic-burst PSCs predominantly in response to SupV photostimulation in the presence and absence of GABA A and glycine receptor antagonists 24 . In contrast, low-frequency PSCs are the major responses in both MMNs and DMNs to photostimulation of the SupV in P9-12 rats 32 Fig . 3A ; however, when higher concentrations of caged glutamate are applied to P9-12 rats, SupV photostimulation elicits burst PSCs in MMNs. These results indicate that the input-output gain of some SupV premotor neurons decreases during postnatal development. Jaw-closing motoneurons have large and well-developed dendrites, which receive ascending and descending inputs 33, 34 . Thus, it is possible that dendritic properties of the jaw-closing motoneurons also change with increasing postnatal age, and we investigated this hypothesis during early development in rats 35 . We recorded the glutamatergic responses evoked by local photostimula- tion of the dendrites, using laser photolysis of caged glutamate combined with somatic whole-cell recordings. In MMNs of P2-5 rats, dendritic photostimulation evokes depolarizing glutamatergic responses in the presence of tetrodotoxin. With increasing stimulus intensity, 75% of MMNs show a step-like increase in depolarization that is suppressed by a NMDA receptor antagonist, indicating NMDA spikes/plateau potentials 36, 37 . However, the glutamatergic responses are markedly smaller in amplitude and shorter in duration in P9-12 than those measured in P2-5 rats, and few neurons exhibit NMDA spikes/plateau potentials in the MMNs of P9-12 rats. These data suggested that the glutamatergic input properties of jaw-closing motoneuron dendrites change during the rst two postnatal weeks Fig. 3A . We also recently found that dendritic glutamatergic responses are enhanced by the application of 5-HT in the MMNs of neonatal rats unpublished observation . Thus, serotonergic modulation of dendritic properties might change during the early postnatal period.
Interestingly, whether inputs from SupV and RdVII to MMNs are excitatory or inhibitory depends on the developmental stage of the rat 23, 25 . P1-4 rats show excitatory effects via the activation of glutamate, glycine, and putative GABA A receptors, while P9-12 rats exhibit inhibitory effects after glycinergic and GABAergic input 23, 25 Fig. 3B . These data suggested that glutamatergic synaptic inputs from SupV to MMNs are excitatory throughout the postnatal period, while glycinergic and GABAergic inputs convert from excitatory to inhibitory at around P7.
Postnatal development of intrinsic properties of the TMNs
Intrinsic membrane properties of the jaw-closing motoneurons are altered together with changes to their input properties. Yamaoka et al 38 reported that the resting membrane potentials in rat MMNs are relatively constant throughout postnatal development P4-27 , but that the input resistance progressively decreases over the same period, and although the amplitude of the action potential does not change, its half duration decreases with age. The amplitude and half duration of the medium-duration AHP also decrease with age, whereas the incidence of post-spike afterdepolarization ADP drastically increases during this period. Inoue et al 39 demonstrated that the maximal repetitive ring rate at steady state is high in MMNs throughout postnatal development, but there is an increase with age in the percentage of MMNs with constant or slightly decrementing ring patterns, as well as an increase in MMNs showing an extra spike. These characteristics result in an initial high-frequency discharge in MMNs even when excitatory inputs are weak. The initial high ring might allow for rapid elevation of the jaw-closing muscle activity that is suf cient to chew food, since insertion of a single extra spike in a low-frequency ring can lead to prolonged tension enhancement generated by the muscle bers innervated by the related motoneurons 40 . These developmental changes in the intrinsic properties of MMNs might contribute to the functional transformation from suckling to mastication.
Conclusion
Neonatal rat pups show suckling behavior to obtain milk immediately after birth. Teeth start to erupt at around P7, immature chewing emerges at around P12, and adult chewing is attained by P18-21 28 Fig. 4 . Findings overall indicate that synaptic and intrinsic properties of the TMNs drastically change during the rst two postnatal weeks, preceding the initiation of immature chewing. It is likely that these developmental changes play an important role in the proper transition from suckling to mastication by preparing the ability to precisely control masticatory force prior to the initiation of mastication. Herein, we reviewed those studies providing a better cell-based understanding of the neural mechanisms underlying jaw movement during suckling and mastication.
